Fusarium solani isolate T-8 produces an extracellular enzyme, cutinase, which catalyzes the degradation of cutin in the plant cuticle. Cutinase activity can be measured by the hydrolysis of either the artifical substrate, p-nitrophenylbutyrate (PNB), or radioactive cutin containing [14C]palmitic acid. In the present study, the culture filtrate contained basal levels of cutinase when T-8 was grown on acetate as a sole source of carbon. After mutagenesis, a cutinase-defective mutant (PNB-1) was identified by screening acetate-grown colonies for a loss of PNBase activity. The mutant possessed an 80 to 90% reduction in cutinase activity when grown for 3 to 5 days on acetate-or cutin-containing medium. Induction of cutinase by cutin or hydrolyzed cutin after growth on glucose medium was similarly reduced. Kinetic analysis indicated that cutinase from the mutant possessed a near normal Km for PNB and a 92% reduction in V... Fluorography and Western blotting of 15% sodium dodecyl sulfate-polyacrylamide gels of separated 35S-labeled proteins from cutin induction medium revealed that in the mutant the 22,000-molecular-weight band corresponding to cutinase was reduced approximately 85%. The virulence of the mutant in a pea stem bioassay was decreased by 55% and was restored to nearly the parental level by the addition of purified cutinase. The data suggest that the mutant synthesizes reduced quantities of a functional and immunoreactive cutinase enzyme and that cutinase plays a critical role in infection. The PNB1 mutation may be within a regulatory gene or a promoter for cutinase.
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The plant cuticle provides a protective covering for plants which helps prevent invasion by phytopathogenic fungi (6, 10, 28) . Cutin is a major constituent of the plant cuticle and represents the first major barrier through which fungi must penetrate. To aid in penetration, many phytopathogenic fungi secrete an extracellular enzyme known as cutinase which hydrolyzes cutin, a polyester of C16-to C18-length hydroxyfatty acids, into its constituent fatty acids (1, 4) . Since cutinase appears to play an important role in virulence, many studies have been conducted to elucidate its physiological and biochemical properties.
To date, the majority of the work has been done with a fungal pathogen of peas, Fusarium solani f. pisi. The production of cutinase appears to be highly regulated by growth conditions. Early studies indicated that cutinase is repressed when F. solani is grown on glucose and is induced to high levels by cutin in the absence of glucose (15) . Since cutin is a large, insoluble polymer which is not likely to penetrate the fungal membrane, smaller fragments of cutin would seem to be responsible for induction. Further investigations have indicated that hydrolyzed cutin or its major constituents, 16-hydroxyhecadecanoic acid, 10,16-dihydroxyhexadecanoic acid, and 9,10,18-trihydroxypalmitic acid, are effective inducers of cutinase (15) . More recent studies have revealed that suberin, a major constituent of bark and roots, which is a polymer composed of aliphatic and aromatic fatty acids, also induces cutinaselike enzymes (7) . Thus, cutinase appears to be produced under several different growth conditions.
Biochemically, cutinase is well characterized (13, 26) . When grown on cutin, F. solani produces two isozymes of cutinase, cutinase I and cutinase II, possessing molecular weights of about 21,200 and 22,400, respectively (21-23).
Cutinase II is believed to be the precursor of the more active, mature form, cutinase I (8) . Recently, the primary * Corresponding author. 911 amino acid sequence of cutinase was deduced from the nucleotide sequence of cDNA (25) .
Two in vitro models for plant infection have been used to evaluate the role of cutinase in virulence. The pea stem bioassay utilizes F. solani f. sp. pisi to infect pea stems (18) ; the papaya bioassay uses Colletotrichum gloeosporioides, the causative agent of papaya anthracnose, to infect the papaya fruit (5). In both assays, virulence is scored by the appearance of dark wounds which represent areas of necrosis. Three different approaches have been used to examine the role of cutinase in pathogenesis. First, field isolates of F. solani (11) and mutants of C. gloeosporioides (M. B. Dickman and S. S. Patil, Phytopathology 74:835, 1983) possessing reduced cutinase activity exhibit reduced virulence in their respective bioassay. Second, the addition of antibodies prepared to purified cutinase blocked infection by a highly virulent strain of F. solani T-8 in the pea stem bioassay (18, 24) . Third, chemical inhibitors of cutinase such as diisopropylfluorophosphate and organophosphorous pesticides prevent infection by both pathogens (5, 12, 18 This stock was thawed and used after washing to prepare fresh microspores (as described above) for each experiment. Roux culture bottles containing 100 ml of growth medium were inoculated with 5 x 10' to 7 x 106 spores and were incubated without shaking at 25°C. The growth medium was as described previously (15) Mutant selection. UV irradiation was used to induce mutations in freshly grown microspores of T-8. A total of 108 microspores were suspended in 25 ml of sterile water in a petri dish (150-mm diameter) and were exposed for 1 min to a 15-W General Electric lamp (G1ST8) at a distance of 1 foot (30.5 cm) (yielding 400 puW/cm2). This exposure reduced survival to 29% and increased resistance to cycloheximide (15 ,ug/ml) by 22-fold. To allow full expression of any mutations, the spores were regrown in PPS medium for 3 days before screening for the desired mutant class.
Since cutinase is secreted extracellularly, colonies deficient in enzyme activity can be detected directly on an agarose plate when overlaid with the artifical substrate p-nitrophenylbutyrate (PNB). Spores (100 to 200) were plated on medium containing 0.5% acetate as the sole carbon source and were incubated for 5 to 7 days at 25°C to yield colonies 1 to 2 mmn in diameter. Colonies which produced cutinase activity stained bright yellow within 15 to 30 min after being overlaid with 1.26 mM PNB in 1.5% agarose containing 0.011% Triton X-100. The colonies which remained white were picked for further analysis.
To quickly evaluate these presumptive mutants for cutinase activity, cells were grown for 24 h on 4 ml of medium containing 8 mg of cutin as the sole carbon source or for 5 days on medium containing 0.5% acetate in a Nunc tissue culture tube (16 by 110 mm) with one side flattened. A sample of the medium was removed and assayed for cutinase activity (described below). One isolate, PNB-1, which exhibited an initial 63% reduction in enzyme activity was recloned for further study.
Preparation of cutin. Cutin was purified from Red Delicious apples (29) ; hydrolyzed cutin was prepared as described by Lin and Kolattukudy (15) . Radioactively labeled cutin was prepared from ['4C]palmitic acid (60 mCi/mmol) as reported by Maiti et al. (19) .
Enzyme assays. Samples of the culture medium were used to determine cutinase activity. Samples were strained through glass wool in a Pasteur pipette to remove the mycelium and then assayed for cutinase activity by one of two methods. The activity was measured spectrophotometrically at 405 nm by following the hydrolysis of the artificial substrate, 1.26 mM PNB, as previously described (21) . Enzyme activity (PNBase) is expressed as micromoles of p-nitrophenol formed per minute. For the kinetic studies, the enzyme activity was determined over a wide substrate concentration range, and the data were fitted to a MichaelisMenten equation via a nonlinear curve-fitting program, using a Marquardt algorithm (20) . Alternatively, the release of
[14C]palmitic acid was measured from labeled cutin. For each assay, 4 mg of finely ground [14C]cutin was suspended in a total volume of 1 ml of 0.07 M phosphate buffer (pH 8.0) containing the enzyme and assayed for 2 h at 30°C in a shaking water bath. The released [14C]palmitic acid was measured as described previously (19) . Under these assay conditions, the release of radioactivity was found to be linear over the range of 5.27 to 52.7 ,umol/min per mg of PNBase activity. Protein was measured by the method of Lowry et al. (17) .
Electrophoresis. Concentrated 35S-labeled filtrates of the cutin induction medium were used for the electrophoretic studies. After the addition of 1 mM phenylmethylsulfonyl fluoride to the filtrates, the extracellular protein was concentrated approximately 20-fold by precipitation with 0 to 50% (NH4)2SO4 (21) followed by desalting with 0.07 M phosphate buffer (pH 8.0) in a Centricon 10 microconcentrator. A portion of the sample containing 100,000 cpm was applied to each lane of a 15% sodium dodecyl sulfate-polyacrylamide gel, and proteins were separated by electrophoresis (14) . One half of the gel was fluorographed with En3Hance and exposed to Kodak X-Omat XAR-5 film at -70°C for 3 to 7 days. The other half of the gel was electroblotted onto nitrocellulose paper (27) , blocked with 5% dry milk (9) , and reacted with the primary antibody, rabbit anticutinase serum (diluted 1/300) generously provided by P. E. Kolattukudy (Fig. 1) . When glucose (0.5 to 2.0%) was included in the cutin-containing growth medium, cutinase production was significantly repressed as previously reported (15) and shown in Fig. 1A levels during the same time period. A control experiment was performed to determine whether cutinase is synthesized in the absence of cutin. When F. solani was grown on 1.5% glucose, no enzyme activity was detected (Fig. 2) (14) . However, when F. solani was grown on 0.5 and 1.5% acetate, low levels of cutinase were measured, although the levels were slightly higher on 0.5% acetate. Taken together, these data suggest that acetate is not nearly as repressive as glucose to the production of cutinase by cutin and that acetate alone permits the synthesis of basal levels of cutinase.
Mutant isolation. If cutinase is indeed produced when F. solani is grown on acetate (as indicated above), then it should be possible to isolate a cutinase-negative mutant under these growth conditions. Accordingly, microspores of T-8 were mutagenized, regrown to allow expression of any mutations, and subsequently plated and grown on acetate medium (see Materials and Methods). A quick screening procedure was devised based on the fact that F. solani secretes cutinase extracellularly and that PNB is hydrolyzed by cutinase to p-nitrophenol, a yellow product. Twelve colonies of 4,300 screened were unable to hydrolyze the substrate and were picked for further analysis. One isolate, PNB-1, exhibited an initial 63% reduction in cutinase activity after 1 day of growth on cutin-containing medium and about an 80% reduction after 5 days of growth on 0.5% acetate medium. This isolate was recloned and used for the studies reported below. The PNB-1 mutant appeared at a frequency of 2.3 x 10-4.
Enzyme activity. As a first step in the characterization of the mutant, the ability of the mutant to produce cutinase after growth on cutin was examined. During a 15-day growth period, the mutant exhibited substantially reduced levels of cutinase (Fig. 3A) . To verify that this reduction was due to a decrease in cutinase activity and not due to an alteration in some other esterase activity, we measured enzyme activity with the radioactively labeled natural substrate [14C]cutin.
The mutant exhibited a concomitant inability to hydrolyze cutin (Fig. 3B) . These data indicate that the mutant PNB-1 possesses a significant (80 to 90%) reduction in cutinase activity when grown on cutin.
Since the inducers of cutinase synthesis appear to be the degradation products of cutin (15) , the low levels of cutinase activity in the mutant may be due in part to lack of sufficient inducer. Consequently, it was desirable to determine whether the mutant could synthesize normal levels of the enzyme when the inducers were provided in the growth medium. Cells were grown on medium containing a low glucose concentration until glucose was depleted, and then glucose, cutin, or hydrolyzed cutin was added. As previously reported, the addition of glucose resulted in no detectable cutinase activity (data not shown; see reference 15).
Cutinase was induced in the parental strain by the addition of cutin or hydrolyzed cutin although the specific activity was 10-fold lower with hydrolyzed cutin (Fig. 4A and B) . The mutant exhibited a similar pattern of induction; however, the cutinase-specific activities of the mutant were reduced by 80 to 90% compared with that of the parental strain by both induction conditions. Thus, the reduction in cutinase activity in the mutant is not due to the inability to produce sufficient inducer.
This apparent reduction in enzyme activity in the PNB-1 mutant may be due to a mutation in a structural gene resulting in a qualitatively altered enzyme or may be due to a mutation in a promoter or regulatory gene yielding a quantitative reduction in a normal enzyme.
Kinetics. To ascertain whether a mutation in the structural sulfate-polyacrylamide slab gel of extracellular proteins present in the cutin induction medium of the parent and mutant strains. Cells were grown as described in the legend to Fig. 4 with the addition of 115 ,Ci of [35S]methionine to the induction medium. The filtrate of the medium was concentrated 20-fold by a 0 to 50% (NH4)2SO4 precipitation and desalted. A sample containing 100,000 cpm of the concentrated filtrate for the wild type (lanes 1 and 3) or the mutant (lanes 2 and 4) was applied to parallel gels. The gel containing lanes 1 and 2 was fluorographed for analysis of total protein synthesis. The gel containing lanes 3 and 4 was electroblotted, and immunoreactive material was detected with rabbit anticutinase serum. Molecular weight standards (x 103) are indicated on the left. The arrow indicates the band corresponding to cutinase. (Fig. 6) . Thus, the observed 83 to 89% reduction in the quantity of cutinase protein produced by the mutant agrees favorably with the 92% reduction in Vmax determined above. Taken together, these studies indicate that the PNB-1 mutant synthesizes less of a normal cutinase enzyme.
Virulence. Studies by Kolattukudy and co-workers (11, 12, 18, 24) have demonstrated that cutinase is important for the pathogenesis of F. solani when evaluated in the pea stem bioassay. The virulence of a strain correlated with the level of enzyme synthesized. For example, a field isolate (T-30) of F. solani was found that produced significantly reduced levels of cutinase and exhibited a corresponding decrease in the rate of infection when compared with the T-8 strain. Moreover, virulence was increased to that of the T-8 strain by the addition of cutinase (11) . Since the PNB-1 mutant is significantly reduced in cutinase, it was desirable to examine the virulence of this strain. The cutinase-deficient mutant exhibited a 55% reduction in virulence (Fig. 7) The data were analyzed by a chi-square test. The symbol + indicates that the data were significantly different from the T-8 strain (P < 0.05). The symbol * indicates that the data were not significantly different from the T-8 strain (P > 0.5).
enzymatic degradation of the plant cuticle by cutinase plays a critical role in pathogenesis.
The phenotype of the PNB-1 mutant could result from any one of several mutations. The decrease in enzymatic activity might be due to the production of an aberrant enzyme resulting from a mutation within the structural gene for cutinase. Alternatively, the reduction could be due to a quantitative decrease in the amount of enzyme produced.
This could arise from the PNB-1 mutation being within a promoter or regulatory gene for cutinase. If more than one structural gene exists for cutinase, then the mutation may be within a region of the genome which has resulted in the inactivation of one of the structural genes.
Characterization of the mutant suggests that the PNB-1 mutation is not likely to be within the structural gene. If the mutation was in a region of the gene that codes for the active site of the enzyme, then the affinity of the enzyme for its substrate should be altered. Kinetic analysis indicated that the mutant produces an enzyme with a significant reduction in Vmax which could be due to a mutation within the structural gene, distant to the active site, resulting in the synthesis of an aberrant enzyme possessing a decreased rate of catalysis. If this was the case, the mutant should produce normal levels of cutinase. Electrophoresis of 35S-labeled extracellular proteins from the cutin-induction culture filtrate indicated that the mutant produces an apparently normal cutinase protein but only about 15% of the amount synthesized by the parental strain. Thus, the PNB-1 mutant appeared to possess a quantitative reduction in a qualitatively normal enzyme.
The synthesis of cutinase by F. solani is known to be highly regulated. The enzyme is produced when F. solani is grown on medium containing cutin as the sole source of carbon and is repressed by the presence of glucose (15) .
After depletion of glucose from the growth medium, cutinase can be induced by the addition to the culture medium of either cutin, hydrolyzed cutin, or certain C16-or C18-length fatty acids that are degradation products of cutin (15) . In the present study, several culture conditions were used to examine the regulation of cutinase by the mutant. Similar to the parental strain, the mutant produced increasing levels of cutinase during growth on cutin-containing medium although VOL. 168, 1986 on September 30, 2017 by guest http://jb.asm.org/ Downloaded from 916 DANTZIG ET AL. the enzyme specific activity was reduced by 80 to 90% (Fig.  3) . Moreover, cutinase was not synthesized when the mutant was grown on medium containing glucose and was induced to low levels by the addition of either cutin or hydrolyzed cutin to the culture medium (Fig. 4) . Although the PNB-1 mutant possesses a substantial reduction in enzyme specific activity, the regulation of cutinase in response to growth conditions appears to be normal.
Further studies of the PNB-1 mutant at the DNA level will be required to determine the precise location of the PNBJ mutation. Since the cDNA for the structural gene was recently cloned, examination of some of these possibilities should be feasible (25) . The isolation and characterization of more mutants altered in the expression of cutinase is needed to fully elucidate the mechanisms responsible for the control of cutinase production. By understanding the regulation of cutinase, a key enzyme important in the degradation of the plant cuticle, intervention in fungal pathogenesis may be ultimately accomplished.
